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Abstract : Infrarcd-to-visible up-conversion in Pr’"*^ activated ZBLAN fluoride crystalline phosphors has been investigated at room temperature 
lor differenl activator concentrations. In the excitation spectia as well as nil the emission spectra, initially the intensity increases with activator 
concentration, attains an optimum value and then it decreases with further increase in the activator concentration. It seems that blue excitation o f  the 
phosphor is due to Fxcited Stale Absorption (ESA) mechanism. 7'he 2nd power dependence of the blue fluore.scencc from the ’Po state under IR 
pumping of 'C/4 state indicates a dominant two photon ESA mechanism The mechanism of unti-Stokes luminescence in an unique optical activator 
m the ZBLAN fluoride host material, is discussed.
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1. Introduction
When photoluminescence is observed for energies larger 
than the excitation energy, such phenomenon is known as 
ami-Stokes lum inescence. The study o f anti-Stokes 
luminescence due to excitation energy accumulation by 
ions is based on the work of Bkxjmbergen [1], 
Ovsyankin and Foefilov [2), Foefilov (3J and AuzeJ [4] 
where various m echanism s have been proposed for 
accumulation of luminescence energy by ions : (i) stcpwi.se 
(successive) absorption o f IR quanta by the same radiative 
’on, (ii) co-operative (simultaneous) sensitization of a 
radiative ion by two or more excited ions, and (iii) 
Stepwise (successive) sensitization o f a radiative ion by 
other excited ions.
Although all these mechanisms can occur in various 
o^lid materials with ions, the study of up-conversion
Fr^^-doped ZBLAN (Zr, Ba, La, Al & Na) fluoride 
glasses points out different up-conversion mechanisms 
oamely, exited state absorption (ESA) and energy transfer 
C o n v ersio n  (ETU) mechanisms [5].
f'OiTesponding Author
The interaction of trivalent ions of rare earth elements 
(RE^^) in excitation state has been analyzed to a 
considerable degree with the use of kinetic methods to 
investigate the cxcitatiort energy transform ation  in 
condensed media [2,3,6,7). To distinguish between the 
mechanisms of interaction between the impurity system 
and the an ti-S to k es rad ia tio n , m any c r ite r ia  are  
subsequently developed, which are based on an analysis 
of the optical spectra and of the dependence on the 
intensity particle concentration and on the excitation 
density [3,6,8]. It is reliably established that in most 
cases, the process of population o f highly excited states 
of RE^ "^  ions in condensed media is collective and 
proceeds via many stages.
The branched structure of the stales o f the RE^^ ions, 
in conjunction with multistage character o f the process, 
leads to an extraordinary variety o f mechanisms, whereby 
the highly excited states of those ions are populated. In 
many cases, it remained unclear which o f the RE '^ ’^ ion 
levels are participating in the population o f the highly
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excited states, from which the anti-Stokes radiation is 
observed, and which stages of the non-radiative energy 
transfer lim it the process o f population o f those slates in 
each concrete case. These questions are clo.scly related to 
more general unsolved problem  of the influence o f the 
crystalline host on the effectiveness o f the anti-Stokes 
energy conversion in system s, with rare earth activators. 
It is well known that by the virtue o f the good screening 
(>f the 4 /‘ electrons, the m ultiple energies and Einstein 
coefficient o f the interm ultipict transition o f the RE*^ 
ions, vary little on going from one matrix to another. It 
is al.so known, however, that in various hosts, for the 
same interactions o f the RE^^ ion pair, different excited 
states arc populated with different effectiveness ( 9 - J l l .  
The crystal lattice determ ines the probability o f  the 
electron-phonon interaction and the Stark structure o f  the 
m ultiplets. This in turn, can strongly influence each stage 
o f the successive energy transfers.
Am ong a variety o f hosts for rare earth ions, the 
heavy metal fluoride m aterials are very much preferred 
hosts, as they present a high transparency from UV to IR 
region. Besides, m ost im portantly  due to their low 
m ulliphonon em ission rates, rare earth-doped fluoride 
m aterials exhibit large up-conversion efficiencies.
As an activator, the trivalent praseodym ium  ion is an 
interesting optical activator, since its energy level spectrum 
contains several m etastable m ultiplets ’G4 
offer the possibility o f sim ultaneous em ission in the blue, 
g reen , o ran g e , red  and in fra red . F u rth erm o re , the 
broadband inter configuration 4 f-  ---» 4/; 5d  transitions o f 
Pr'^ w hich are used in scintillator detectors o f ionizing 
radiation [12,13], offer the potential lor tunable laser 
action at near UV wavelengths. W hile most up-conversion 
studies in PH'^-doped m aterials have focused 'D 2 ‘'Fu 
processes [14,15], the alternate 'G 4 *-> ^  process
was only observed in Pr^^ fibers [16,17] and has not 
been well characterized.
The present paper reports the spectroscopy o f  anti- 
S tokes lum inescence o f  Pr-'^-doped Z B L A N  fluoride 
crystalline phosphor, where the phosphor was excited by 
IR radiation. In the present investigation, m ajor em phasis 
has been given to understand the effect o f  activator 
(Pr^+) concentration on the IR to visible conversion 
process, and al.so to understand the m echanism  o f this 
up-conversion.
2, Experimental
2.7, P hosphor preparation :
The solid state diffusion technique was utilized for 
preparing Pr^*^-activated ZB LA N  fluoride phosphor. For
preparation, the m olar com positions used were 53*^ 
Z rF4, 2 0 % BaFs, 4% LaF.^, 3% AIF3 and 2 0 % ]sijp 
(h e n c e , a c ro n y m  Z B L A N ). S a m p le s  o f  different 
praseodym ium  concentrations were prepared from batches 
containing 0.02% , 0.05% , 0.1%?, 0.15% , 0,3%  and [9c 
weight o f P rp 3 (/,^^, 200, 5(X), ICXX), 1500, ,30()() 
l(X)CK) ppm Wl o f  Pr^ -" ions). The entire constiiuems 
were taken in stoichiom etric proportions and placed in Pi 
crucible. 'Fhe crucible was gradually heated up to KK)() (' 
by placing it in the furnace and kept at this temperature 
for tw o ho u rs , and then  co o led  slow ly  to mom 
tem perature. Thus, Pr^*-doped ZB LA N  fluoride phospluMs 
with various activator concentrations were obtained in 
pow der form.
2.2. O ptical m easurem ent :
The experim ental setup used for recording the anti-Stokes 
lum inescence em ission intensity and excitation spectra is 
shown in Figure I. The main constituents o f  the setup 
arc grating m onochrom ator, light source (250 W IR 
lamp), constant deviation spectrom eter and detector unit 
The detector unit consists o f  high voltage power suppK 
(EH T-extra high tension), photom ultiplier tube (PMTi, 
and a digital picom eter.
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F ig u r e  1. K xperim ental .setup for the m easu rem en t o f  a n t i  Smkev 
luminescence and dependence o f  IR em ission intensity on excitation mtcnsiiy
2.2,7. M easurem ent o f  in frared excitation spectra :
For the m easurem ent o f anti-Stoke lum inescence excita tion  
characteristics, the phosphor was excited by the light 
from  250 W  IR lamp. Passing through the entrance slit 
o f grating m onochrom ator, it was allow ed to fall on the 
phosphors. The light em itted from  the phosphors was 
allowed to fall on to the entrance slit o f constant deviation 
spectrom eter, output o f which w as fed to  a photomultiplier 
tube having a narrow  slit in its housing. The light from 
th e  s p e c tro m e te r  w as d e te c te d  by an R CA  931 
photom ultip lier tube (PM T), which w as operated at 750 
volts fed by high voltage pow er supply. The output of 
the PM T was fed to a digital picoam m eter. Thus, hy
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nieasuring the em ission at a fixed wavelength (480 nm) 
irid hy rotating the drum  o f m onochrom ator, the relative 
intensities for different wavelengths were measured, which 
,n turn, provided the infrared excitation spectra.
^2.2. M easurement o f  infrared emission spectra :
Por the em ission spectra, the drum  o f grating m ono­
chromator was fixed at 919 nm, while the drum of 
constant deviation spectrom eter was varied from 420  nm 
(o 560 nm. Sim ilar procedure as above, is followed and 
hv rotating the drum  o f the constant deviation, intensities 
tor different w avelengths were m easured, which in turn, 
piovided the IR em ission spectra.
2.2.2. Measurement o f  dependence o f  IR emission intensity 
on the excitation intensity :
The experimental setup shown in Figure I with minor 
additions to it, is used for recording the output intensity. 
The detector unit now consists o f  a photodetector along 
with a m ultim eter in addition to above units.
The photodetector was placed on the exit slit of 
grating m onochromater. The output o f photodetector wa.s 
given to m ultim eter and hence, the source intensity was 
measured. To change the source intensity, the distance of 
IR source from the grating m onochrom ater was changed. 
In order to m easure the sam ple intensity, first o f all we 
measured the source intensity and then, we removed 
phoiodetcctor from the exit slit o f grating monochromater. 
In the present experim ent, the Pr^^-doped ZBLAN fluoride 
phosphor with 5(X) ppm wt activator concentration was 
excited by IR lights o f various intensities (using IR 
lamp) p a ss in g  th ro u g h  an e n tra n c e  s lit  o f  the 
monochromator. The light em itted from the phosphor 
falls onto the entrance slit o f the constant deviation 
spectrometer.
For the m easurem ents, the drum  o f m onochrom ator 
was fixed at 919 nm and that o f  constant deviation 
spectrometer was fixed at 480 nm and then by changing 
the distance o f  source from m onochrom ator, we measured 
emission intensities for various input excitation intensities.
3. Results
Figure 2 show s the IR excitation spectra o f ZBLAN 
fluoride phosphor doped with Pr^^. The measurements 
'vere done at room  tem perature. In this case, the samples 
'vith 2 0 0 . 50 0 , 1500, 3 0 0 0  and  10 0 0 0  ppm  wt
concentrations o f  Pr^ '*' ions were taken. Tlie phosphor 
excited by light having w avelength in the range o f 
^^0 nm to 940 nm  and em ission was measured at
Fm u iv  2. bxcMlaiion speclia ot the blue up-con version fluorescence (480
ol Pi ' ‘-doped ZB LA N  fluoride phosphors at room  tem perature  
(c^nccnlratKjns o f  200. 5(X), 15(K>. 3(XX) and KKKK) ppm wt o f  Pr'* were 
laicn).
4|K) nm. It is seen that initially em ission intensity is 
constant and low with the increase in the excitation 
v^velength, and only after 860 nm excitation w avelength, 
it. increases with the increase in excitation w avelength, 
attains an optimum value for 919 nm and then decreases 
with further increase in the wavelength. Also it is evident 
from the figure that initially w ith the increase in 
concenlralion of Pr'^, the intensity increases, attains 
optimum value for 500 ppm wt concentration o f  P r’"*^ and 
then decreases.
Figure 3 shows the IR em ission spectra o f ZBLA N  
fluoride phosphor doped with Pr^^ ions. The m easurem ent 
o f visible em ission inicnsily as a function o f  Pr^ "^  
concentration was done at room tem perature. In this 
case, the samples with 2(H), 500, 1500, 3(XK) and 1(XXX) 
ppm wt concentration of Pr'^ ions were taken. The 
phosphor was excited by light having w avelength o f 919
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F ig u r e  3 . U p -c o n v e n e d  v is ib le  nuo re .scencc  sp ec tra  o f  P r '* -d o p e d  Z B L A N  
tlu o n d e  p h o sp h o r fo r infn^rt*.d ex c ita tio n  o f  9 19 n m  a t ro o m  te m p e ra tu re  (P r '*  
co n ce n tra tio n s  o f  20 0 . 500 , 1.5(H), 3 0 0 0  a n d  KXKX) p p m  w t w ere  ta k en ).
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nm and em ission was m easured from  420  nm to 560 nm. 
E ffective peck o f high intensity was found at 480 nm for 
d ifferent concentration o f activator (Pr"*^). It is to be 
noted that initially the intensity increases with activator 
concentration, attains an optim um  value for 500 ppm  wt 
concentration o f  Pr^ "^  and then it decreases with further 
increase in the activator (Pr'*) concentration.
Figure 2 also show s the activator (Pr^^) concentration 
dependence o f IR excitation spectra o f  ZBLA N  fluoride 
phosphor doped with Pr^. It is found that in IR excitation 
spectra initially the em ission intensity increases with 
increasing concentration o f Pr^^, attains an optim um  value 
for 500 ppm wt concentration o f  Pr^ "*^  and then decreases 
with further increase in the concentration o f the activator.
Figure 3 also illustrates the activator concentration 
dependence o f the IR em ission spectra o f  ZBLA N  fluoride 
phosphor doped with Pr^^. It is found that in IR em ission 
spectra, initially the em ission intensity increases w ith 
increasing concentration o f  Pr^ "^ , attains an optim um  value 
for 500 ppm  wt concentration o f  Pr^ ***, then decreases 
with further increase in the concentration o f  the activator.
F igu re  4  show s the d ep en d en ce  o f  an ti-S to k es  
lum inescence on the intensity o f  IR exciting  light source 
for Pr^^'^-doped ZB LA N  fluoride phosphor. In this case, 
the w avelength o f excitation light was kept at 919 nm 
and that o f  em ission was kept at 480 nm (w here em ission 
peak o f  IR em ission spectrum  w as found). It is evident 
from  the figure that em ission intensity  increases with the 
increase o f  excitation intensity. T he slope o f  the line is 
found to  be two, for the blue em ission.
Figure 4, Intensity dependence of the blue up-conversion fluorescence (480 
nm) with IR excitation at 919 nm for Pr^“*--doped ZBLAN fluoride phosphor.
4. D iscussian
4 ,1 , M e ch a n ism  f o r  a n ti-S to k e s  lu m in e sc e n c e  in 
d o p e d  Z B L A N  f lu o r id e  p h o s p h o r  :
In our w ork, the em ission and excitation spectra, wc 
have obtained for ZB LA N  fluoride phosphor activated bv 
Pr-^ “*^, can be explained by sequential tw o photon ahsoqmon
Two photon up-con version processes can by divided 
in tw o main classes, w hich refer to  population effects m 
a real interm ediate m etaslable level or to nonlinear effects 
In the latter case, second harm onic generation, two photon 
absorption, or param etric OvScillation are exam ples, while 
the form er case gathers excited  state absorption (ESA) 
well as sum m ation o f  photons by energy transfer up 
conversion (ETU), cooperative sensitization or cooperative 
lum inescence w ith a lot o f  illustration in rare earth-doped 
m aterials |18 , 19]. A m ong these m echanism s, ESA and 
ETU  are the m ost efficient. Indeed the ESA process fills 
instantaneously the upper excited  state, even if one oj 
the step involved in the process is off-resonance, and the 
decay o f  the up-converted fluorescence is identical to tiu 
decay follow ing direct one photon excitation. On the 
other hand, the ETU  process, fills the upper excited stale 
after a rise tim e, which depends on the energy translvi 
betw een the ions (5J.
The em ission and excitation spectra o f  IV^-dopcd 
ZBLA N  fluoride phosphors are in agreem ent w ith  the 
ESA m echanism  dom inantly. Figure 5 show s energy level 
diagram  o f  ions in ZB LA N  m aterial. Figure shows
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Figure 5. Eneigy level diagram of Pr'* ions in ZBLAN material. Positions 
and broadentngs have been deduced from absorption and luminescence 
measurement under near IR pumping, blue fluorescence is maximum at four 
wavelengths : 1.02 )xm, 919. 883 and 796 nm.
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that blue fluorescence is possibrc at four wavelengths : 
j 02 M,m, 919, 883 and 796 nm. The maximurn blue 
output em ission is found at excitation wavelength of 919 
nm, w hich co rresponds to the ESA (E xcited  State 
Absorption) transition ‘G 4 The only possible (ESA) 
mechanism resulting in the excitation o f  the V^ o state 
with IR photons should com e from  the excited 'G 4 state. 
In that case, the IR pum p w avelength must be resonant 
only with the absorption from  the interm ediate mctastable 
>(V4 state to slate, but not with the absorption from 
the ground W 4 state (18 |. Thus, the first photon is 
nonrcsonantly absorbed in a weak phonon band associated 
w ith "'Ha ‘(^4 transition.
It is evident from  the above discussion that the blue 
fluorescence o f  *P<) level can be attributed to two regimes 
of up-conversion m echanism s depending upon the fact 
that the single excitation w avelength is in resonance with 
a ground state absorp tion  o r w ith an excited state 
absorption.
rhe resonant ESA case is in agreem ent with the 
established fact that ESA is the main m echanism  to 
achieve IR to blue up-conversion in Pr^'^-doped crystalline 
materials [18]. Thus all the spectra can be readily assigned 
to liSA transition o f  ( 'G 4 » 'Po) or we can say tw o-step
FSA transition o f  C H a 'G 4 + ‘G 4 —> ^Po).
4,2. D ependence o f  anti-S tokes lum inescence intensity on 
the concentration o f  activa tor :
As the concentration o f  dopant increases, initially the 
number o f  lum inescence centers increases and it causes 
the increase in the anti-S tokes lum inescence intensity. 
For higher values o f concentration o f  dopant, concentration 
quenching o f  lum inescence intensity takes place and 
therefore, the anti-S tokes lum inescence intensity decreases 
for higher concentration o f  dopant in ZBLAN fluoride 
phosphor. Thus the anti-S tokes lum inescence intensity is 
optimum for a particular concentration o f the activator.
4..^. E xc ita tion  in te n s ity  d ep en d en ce  o f  a n ti-S to kes  
luminescence in -doped ZB LA N  flu o r id e  phosphor :
The num ber o f  IR  photons absorbed per photon em itted 
for an up-conversion m echanism  can be identified from 
the dependence o f  the em ission intensity on infrared 
input intensity.
The visible output intensity  Uv) o f the sam ple will be 
proportional to a pow er n o f  the infrared excitation 
intensity ( / ir) ke„
(M  «  (/|R)^
where n is the num ber o f  infrared photons absorbed per
visible photon emitted. Figure 4  show s a plot o f  logarithm  
of /y versus the logarithm  o f / |r for the blue em ission 
band. The data have been fitted to .straight line in the 
plot, the slope t>f which is equal to tw o (= n). S ince the 
slope is two, a quadratic behavior o f  the blue fluorescence 
intensity versus pumping excitation intensity is established. 
Fhis agrees very well with a tw o-photon process, which 
corresponds to the ESA transition o f  ^Ha ‘G 4 + 'G 4 —>
. 5. Conclusions
[T he m am  co n c lu sio n s draw n from  the s tu d ie s  o f
I spectroscopy o f the anii-Slt>kcs lum inescence o f Pr^'^-doped 
ZBLAN Huoridc phosphors are as follow s :
(i) In IR em ission spectra o f Pr^^-doped ZBLA N  
fluoride phosphor, one effective peak o f high 
intensity is found in blue region o f visible spectrum  
while the sam ples were excited by 919 nm.
(ii) In IR excitation spectra o f the phosphor, initially 
the em ission intensity is low and constant up to  a 
certain w avelength and then it increases w ith 
increase in w avelength, attains an optim um  value 
for 919 nm and then decreases with further increase 
in w avelength.
(iii) Both, in the em ission spectra and in the excitation  
spectra, in itially  the an li-S tokcs lum inescence  
intensity increases with activator concentration , 
attains an optim um  value and then decreases with 
further increase in the activator concentration.
(iv) The up-conversion o f  Pr^^-doped ZB LA N  fluoride 
phosphor is attributed to tw o-photon absorption 
process for blue (480 nm) em ission band. T he 
dom inant m echanism  is a nonresonant tw o-step  
ESA transition o f  C^La ‘G4 -r 'G 4 —^  ^Po)^
(v) The plot o f the logarithm  o f  intensity o f  blue (480 
nm) up-conversion em ission versus  the logarithm  
o f excitation intensity for 919 nm  light is found to  
be straight line with a slope o f  two. T his indicates 
that two photon absorption is taking p lace to  
populate ^Po level o f  Pr^”*^.
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